ABSTRACT: Tensile and knot fatigue property of high-performance polyethylene (HPPE), regular polyethylene (PE), nylon multifilament (PAmu), and nylon monofilament (PAmo) under cyclic loading conditions were investigated. The durability of HPPE under tensile fatigue testing was largest, followed by PAmo, PAmu and PE. In knot fatigue, the largest was PAmo, followed by HPPE, PAmu, and PE. High resistance by HPPE to the cyclic loads was also confirmed by scanning electron microscopy, which showed that HPPE suffered the least damage from abrasion compared with the other twines. From the measurement of elongation changes during the cyclic loading, HPPE had very small changes. The low elongation value of HPPE was probably the result of its better fatigue property because there was less damage from abrasion.
INTRODUCTION
The important properties for material selection in netting twines are breaking strength, elongation, and good resistance to environmental influences (such as UV radiation and temperature). Among these, breaking strength is the most important for nets and ropes, and should be as high as possible.
High-performance polyethylene (HPPE) fibers with a high strength and light weight are now commercially available from several companies worldwide. 1 The application of HPPE netting twines is currently growing in Europe, especially in use for mid-water trawling and bottom trawling fishing nets, as well as for longline fishing. In Japan, HPPE netting twine is commonly used in lobster bottom gill nets.
Because netting twine resistance is subjected to repeated loads during usage, the service lifetime and fatigue behavior of HPPE are very important factors when selecting fishing net materials. There is little information about the fatigue properties of HPPE netting twines; hence, the present study investigates the fatigue behavior of HPPE in comparison with those of regular netting twines of polyethylene (PE), nylon multifilament (PAmu). and nylon monofilament (PAmo) under cyclic loading conditions.
MATERIALS AND METHODS
High-performance polyethylene (800D/2; Kinoshita Seimo Co. Ltd, Aichi Prefecture, Japan), PE (200D/9), PAmu (210D/8), and PAmo (#8, diameter 0.48 mm) netting twines, all having a similar total denier (1600-1800 denier), were used. All tests were conducted at 20∞C and 65% relative humidity.
Tensile and knot (overhand and English knot) breaking strength tests were carried out using a universal tension tester (Tensilon UTM-10T; Toyo Baldwin Co. Ltd, Tokyo, Japan). Although many holding devices can be used for the tensile test, only air-chuck clamps could be used for HPPE because of its very high strength and slipperiness. For each test, which was carried out at a tension speed of 100 mm/min, a 40-cm length of each sample was clamped and the gauge length of the specimen was 10 cm. Ten replicate tests for each condition were carried out.
The fatigue test was carried out by the cyclic loading method using a Shinko TCM-1000S testing
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Fatigue property of high-performance polyethylene netting twine tively) of approximately 50-95% of the breaking strength. Both the minimum and maximum imposed load were kept constant during testing.
To measure any elongation changes that occurred during the cyclic loading, intervals of 5 cm were marked on the samples (Fig. 1) . The number of cycles to failure (N ) was measured within the range of 1-10 4 cycles. Three to 10 replicate tests were carried out for each condition of the fatigue tests, after which the fracture morphology of samples was examined with a scanning electron microscopy (SEM) and the residual breaking strength tests were carried out.
RESULTS AND DISCUSSION
Breaking strength and elongation Table 1 gives the specification and the breaking test results of the netting twines. The average tensile strength (T 0 ) were 34.3 kgw for HPPE, 11.1kgw for PE, 11.4 kgw for PAmu, and 10.5 kgw for PAmo. The tensile strength of HPPE was approximately three times higher than the other three netting twines, and its overhand (T 0K ) and English knot strength (T 0EK ) was 13.5 kgw and 29.9 kgw, respectively. These values were approximately twice those of the other three netting twines. The breaking elongation of HPPE was in the range of 6-8%, whereas that of the other netting twines was between 21% and 40%. This indicates that the breaking elongation of HPPE was only one-quarter that of the other twines tested, and differed significantly from the regular twines. Figure 2 shows the load-elongation curve of the twines tested in the present study. According to the high strength and low elongation machine (Shinko, Tokyo, Japan) equipped with roll-type clamps 2 ( Fig. 1 ). Samples were cycled by tensile and overhand knot conditions at a cyclic speed of 500 mm/min. For each condition, a 130-cm long sample was clamped and cycled from zero load to a maximum imposed load (S and S K for tensile and overhand knot conditions, respec-
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W Wanchana et al. values of HPPE, it can be seen that the loadelongation curves are very steep for both the tensile and overhand knot compared with the other twines. When selecting netting material, knot strength has more significance than tensile strength for fishing gear. By comparing knot strength with tensile strength, relative knot strength (T 0K /T 0 and T 0EK /2T 0 ) can be calculated, defining how the strength of a twine is reduced by knots ( Table 1) . The relative knot strength of HPPE was approximately 0.4, and was 0.6-0.7 for the other three netting twines. The differences in the relative knot strength between HPPE and the other twines may be because of their fiber structure such as molecular orientation, which is higher for HPPE than for the other materials used in the present study. Generally, high-performance fibers such as carbon, glass, and aramid have a low resistance to bending deformation because of their higher degree of molecular orientation. HPPE has a higher absolute tensile and knot strength compared with other high-performance fibers such as aramid. 3 HPPE demonstrated the lowest relative knot strength among all the twines examined in the present study, but its absolute value was twice that of the other netting twines. It is for these reasons that, among the high-performance fibers, HPPE is used for fishing gears.
Fatigue property
The average numbers of cycles to fatigue failure (fatigue lifetime, N) at various cyclic imposed loads are shown in Table 2 , and Fig. 3 shows the relationship between maximum imposed loads (kgw) and the number of cycles to failure (N ). The results indicate that the fatigue lifetime of all netting twines decreases steeply with increasing imposed loads. HPPE could withstand loads that were approximately 20 kgw higher compared with the other twines to give the same number of cycles to tensile fatigue failure. In the knot fatigue testing, it was approximately 5 kgw higher. The tensile and knot fatigue lifetime of HPPE were clearly different from those of the other twines, demonstrating that HPPE has a significant advantage in terms of its fatigue property. Figure 4 shows the relationship between percentages of the maximum imposed load and the number of cycles to fatigue failure. Arrows represent the specimens that did not fail within 10 4 cycles of the testing. The results from Fig. 4 show that the tensile fatigue property of HPPE was higher than those of the other twines, whereby the fatigue property of the twines was in the following decreasing order: HPPE > PAmo > PAmu > PE.
As the specimen is subjected to repeated loads during cyclic testing, the fiber-fiber interactions Elongation (%) 
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W Wanchana et al. during testing will cause damage to the surface of the fibers as a result of internal abrasion. Such damage is considered to be a major cause of tensile fatigue failure. The degree of abrasion damage seems to depend on the fineness of the netting twine fiber. Finer or multifilament-type fibers would be more susceptible to abrasion damage and show reduced resistance against cyclic loading. Although HPPE twine is composed of very fine fibers (ª1/3-1/50 of the diameters of other fibers; Table 1 ), the tensile fatigue lifetime of HPPE was higher than those of the others twines. As will be discussed later, the higher fatigue property of HPPE was probably due to its low elongation property. As shown in Fig. 4 , among the other remaining netting twines, the tensile fatigue lifetime of PAmo was higher than that of PAmu and PE because PAmo is a monofilament-type fiber with no fiber-fiber interactions. When comparing PE with 
Twine elongation changes during the fatigue test
Abrasion damage is considered to be a major cause of fatigue failure under cyclic loading and the larger elongation fibers seem to receive more abrasion damage due to the fiber-fiber (or twinetwine) interactions. To confirm this assumption and to determine the differences in fatigue lifetime between HPPE and the other twines, it is important to measure the elongation changes of the different twines during cyclic loading. Figure 5 shows the twine elongation changes of the different netting twines during fatigue testing under a 90% load of breaking strength. The dashed lines indicate the breaking elongation of each twine. Elongation of the twines increased with increasing number of cycles for PAmu and PAmo, and especially for PE for both the tensile and knot fatigue tests. Among the tested twines, the elongation changes of HPPE were very small, being at a very low elongation level of approximately 5%.
PAmu, PE showed a lower fatigue lifetime although its fiber diameter is larger than PAmu. In another study, a PE monofilament also had a lower resistance to repeated loading than a PA continuous filament, and had a comparatively higher creep compared with PA. 4 In the case of higher creep twines, slipping of the molecular chains along the fiber axis from stretching during the cyclic loading should occur easily and result in reducing the fatigue lifetime. Perhaps PE had the lowest fatigue lifetime among the twines tested because of its higher creep property.
Conversely, PAmo had the highest knot fatigue lifetime, followed by HPPE, PAmu, and PE. As mentioned earlier, tensile fatigue failure is affected by the internal damage caused from fiber-fiber interaction (abrasion) within the twine, but the external damage from twine-twine abrasion at the neck portion of the knots was a major factor in knot fatigue failure (refer to Fig. 7) .
From the experimental results of the present study, the S-N relationship (relationship between the maximum imposed load (S/T 0 ) and the fatigue lifetime (N) can be expressed by the following curve-fit equations:
where a, b, c, and d are constants. (These values, which are calculated from the aforementioned equations, are shown in Table 3 ). Using these two equations, the fatigue lifetime (number of cycles to failure) of the netting twines can be estimated for any imposed load.
The fatigue limit load estimated from the S-N relationship in Fig. 4 that would withstand 10 4 loadings was 80% for HPPE, 77% for PAmo, 70% for PAmu, and 60% for PE. In the case of knot fatigue testing, it was 66% for HPPE, 77% for PAmo, 61% for PAmu, and 53% for PE. These results demonstrate clearly that the fatigue limit load at 10 4 cycles of HPPE and PAmo were much higher than those of the PAmu and PE twines both for the tensile and knot fatigue tests. These results are in agreement with the fatigue results, indicating that the higher fatigue lifetime of HPPE may be due to its low elongation property. Tensile fatigue testing demonstrated that the elongation at fatigue failure of HPPE, PAmu, and PAmo was lower than at their breaking elongation. But, fatigue failure for PE occurred at nearly the breaking elongation because of its higher creep property. In the case of the knot tests, fatigue failure occurred at nearly breaking elongation for all twines.
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Fracture morphology
Scanning electron microscopy was used to examine the fibers' surface morphology and to understand the failure mechanism. Figure 6 shows the SEM photographs of those twines that failed during the tensile fatigue tests. The SEM photographs clearly show that abrasion damage to the twine filament occurred in PAmu and PE, but that damage in HPPE was comparatively less than in either PAmu or PE. Under cyclic loading conditions, abrasion heat created by the fiber-fiber interactions would induce such damage in the PAmu and PE fibers. In another study, it was assumed that the energy absorbed by the fibers during each cycle was converted totally to heat. 5 Conversely, the fatigue failure mechanism of PAmo, which is composed of a single filament, was different from that of the multifilament-type twines. The SEM photographs of PAmo show the fracture morphology of a cross-sectional area (Fig. 6 ). Typical striations (periodic patterns) on the fracture surface resulting from fatigue failure were observed. Figure 7 shows SEM photographs of the samples after having undergone knot fatigue failure tests, and it can be observed that the abrasion damage of each twine occurred on the external surface at the neck portion of the knot. Results from the knot fatigue tests indicate that the external damage appears to be the major cause of the fatigue failure. In this case, the internal damage caused by fiber-fiber interactions, as observed in the tensile fatigue tests, would have less effect. From the SEM photographs of Fig. 7 , it can be seen that PAmu and PE received more abrasion damage than HPPE, and the results of the tensile and knot fatigue tests suggest that HPPE resisted fatigue failure far better than the other tested twines both.
Residual strength and elongation of twines after fatigue testing Table 4 shows the residual strength results of those specimens that did not fail within 10 4 cycles during the fatigue tests. The residual strength data obtained from tensile fatigue testing show that the changes in strength were very small, only -7% to 5% (Table 4) . These small changes in strength suggest that no abrasion damage occurred under these loading conditions.
Results from the knot fatigue tests indicate that there was no change in the residual strength of HPPE, but a large increase (14%) was observed for PAmo. Alternatively, a large decrease was observed for PAmu and PE (19% and 31%, respectively) . The large increase in the residual strength observed for PAmo was caused by the stabilization of the knot structure; that is, the knot structure became denser and inner stress was equalized by the repeated loadings. The large decrease in the residual strengths of PAmu and PE suggest that although both twines did not break at 10 4 cycles under this loading, significant fatigue was progressing gradually. In this respect, the HPPE and PAmo twines were obviously superior.
CONCLUSIONS
For fishing gears such as trawl nets, reducing net weight or improving drag reduction are the most important factors when improving the efficiency of a fishing operation (e.g. increasing towing speed or reducing fuel consumption). Net weight and drag are directly related to the size (diameter) of the twine, and both properties can be reduced by using high-strength netting materials. The breaking strength of HPPE is up to three times higher than those of other twines, indicating that using HPPE can reduce drag by approximately 40%. In terms of its fatigue property, HPPE demonstrated the highest resistance to cyclic loading compared with the other fibers tested under similar conditions. In terms of these properties, the high strength and long-term durability of HPPE make it suitable for a wide range of applications.
